Three-dimensional electron gas/slabs (3DEG/S) can be obtained using the technique of 3-dimensional polarizationdoping in graded AlGaN semiconductor layer on GaN. Transport characteristics of the graded AlGaN are investigated experimentally by means of nanosecond-pulsed measurements. The measured current-voltage dependences were used to determine drift velocity data assuming no change in electron density upon applied electric field. The velocity results are compared with that of GaN and ungraded AlGaN/GaN. Also, the experimental results are compared with those of Monte Carlo simulation.
INTRODUCTION *
III-nitride semiconductors offer superior physical properties such as large bandgap, large breakdown field, and a strong piezoelectric and spontaneous polarization. To change electronic properties, besides conventional way such as doping with impurities, three-dimensional electron gas/slabs (3DEG/S) [1] or hole gas/slabs (3DHG/S) [2] can be obtained using the technique of polarization bulk doping in graded Al x Ga 1-x N semiconductor layer.
In particular, ternary wurtzite graded AlGaN [3] is becoming of increasing importance in many semiconductor electronic [4 -8] and optoelectronic device applications [9] . A graded AlGaN back-barrier design reduces the drain modulation caused by the negative-polarization interface and improves electron mobility in ultrathin (5 nm) channels, which helps to achieve greatly improved peak drive current and peak transconductance [8] . Recently, it was revealed that the polarization-doped light emitting diode (LED) has the improved electroluminescence intensity and external quantum efficiency compared with the conventional LED [9] . Crack-free GaN epitaxial layer was obtained after inserting 80 nm graded AlGaN buffer layer between GaN epilayer and high temperature AlN buffer [10] . Also, it was found that the insertion of a graded AlGaN layer between the GaN layer and the AlN buffer can change the signs of strain [11] .
In this work the electric characteristics of the graded AlGaN are investigated experimentally at room temperature through nanosecond-pulsed measurements of electron drift velocity. Experimental results are compared with those of GaN and ungraded AlGaN/GaN, and with Monte Carlo simulation data in Al 0.2 Ga 0.8 N. .
SAMPLES
The investigated Al x Ga 1-x N/GaN structures ( Fig. 1) were grown on c-plane sapphire by metal-organic chemical The growth was initiated by a 50 nm thick AlN layer followed by a Fe-doped 0.7 μm GaN and 1.7 μm GaN buffer layer. Then a graded AlGaN layer was deposited. The alloy composition x as well as polarization was varied continuously from the GaN layer through a region of AlGaN material, and the fixed polarization charge was spread over the distance of the grading length. Polarization grading (doping) enables 3DEG/S (Fig. 1, b) with advantages of modulation doping -absence of carrier freeze-out and impurity scattering. Finally, the structure is capped by a GaN layer to improve the ohmic contacts. For the ohmic contacts, a Ti/Al/Ni/Au multilayer was annealed for 30 s at 870 °C in a N 2 atmosphere. The mesa isolation was done with chlorine-based dry etch. Samples (width w = 100 µm, length l = 10 µm) to measure the electric characteristics were taken from transfer length model (TLM) patterns (Fig. 1, c) Zero bias band diagram was calculated according to [12] (see Fig. 2 ) in order to show electron distribution place over the Fermi (E F ) level in the conduction band (E c ) [4] .
When grading distance was 100 nm the 3DEG/S was spread within 70 nm; for shorter distances such as 50 nm and 30 nm 3DEG/S was distributed within 29.5 nm 18.5 nm, respectively (see also [1] ).
The electron density n was determined by means of capacitance-voltage measurements and the mobility µ was calculated using an expression µ = l / (R e n w), where R is the sample resistance, e is the electron charge.
The dominant scattering mechanisms limiting electron mobility at room temperature and low electric field were alloy scattering and optical phonon scattering. Alloy scattering is reduced when grading distance increases [1] .
Low-field transport properties of the investigated structures are presented in Table 1 . 
EXPERIMENTAL
The I-V dependences were measured by means of the nanosecond-pulsed technique. A standard pulse generator was used to produce electrical pulses in a 50 Ω transmission line, with the amplitude up to 25 V and duration t of 100 ns -500 ns. Shorter high-voltage nanosecond pulses (t = 1 ns -40 ns) were generated using a generator based on discharge in coaxial line circuit by means of mercury-wetted relay. These shorter pulses were used in order to minimize a local increase in crystal temperature due to dissipated Joule electric power, i. e. so called self-heating effect, since the carrier mobility is dependent on both the electric field strength and the lattice temperature.
Schematic diagram of the experimental set-up is presented in Fig. 3 . The set-up consists of the mercurywetted relay generator (3) with a power supply (1) and a charged line (2) . A generated electrical pulse with the duration depending on the charged line (2) length, is transmitted to the oscilloscope (15) through a delay line (5), a power attenuator with regulated attenuation (6), a switch (7), a gauge resistor (10) or the investigated sample (12) , and fixed attenuators (13) . The sample is placed in a thermostat (11) . DC and temperature regimes of the sample are controlled by a digital multimeter (9) with the usage of bias tees (8) . The signal is received by a two-channel digital oscilloscope of 0 -125 MHz bandwidth (15) and then directed to the computer monitor (16) . supply; 2 -charged line with a charged resistor; 3 -mercury-wetted relay generator; 4 -synchronization tee; 5 -delay line; 6 -tunable power attenuator; 7 -broadband switch; 8 -bias tee; 9 -digital multimeter; 10 -gauge resistor; 11 -cryo-or thermostat with a thermosensor; 12 -sample; 13 -broadband attenuator; 14 -synchronization channel; 15 -digital oscilloscope,
-computer monitor
Additionally, such oscilloscope enables to investigate the sample resistance dynamics for the pulses longer than 20 ns. As the result a family of I-V dependences each corresponding to time moments of spaced out pulse can be obtained.
Both sample and the high-frequency gauge resistor are mounted in the microstrip line holders. The holder consists of a metallic substrate, a high frequency dielectric plate and two coaxial-microsrip line adaptors used to connect with cables. The substrate serves as a ground conductor and has a 2 nm thick dielectric plate placed on it, with the dielectric permittivity ε = 10. The plate supporting line is 2 mm in width. The sample is connected to the line by Au microwires attached by thermocompression. Fig. 4 demonstrates a common view of the holder with the gauge resistor in the break of the line. To obtain any value of the current-voltage dependence plot two measurements are required. A falling pulse amplitude is taken in the first measurement and the amplitude of a pulse transmitted through the sample is taken in another. The direct falling pulse amplitude measurement with a sufficient accuracy requires to take into account the complex equivalent circuit [13] . In our measurements, the falling pulse amplitude is found from the measurement of a pulse amplitude transmitted through the gauge resistor of known value. Such measurement modification allows one to use a simple equivalent circuit consisting of three resistors connected in series. These are an internal 50 Ω resistor of the generator (3), an unknown resistance of the sample and a 50 Ω input the oscilloscope resistor. Therefore, first input of the oscilloscope (16) receives a signal transmitted through the sample (12) . The second input receives a signal transmitted through the gauge resistor (10) . The coaxial switch (7) was used for commutation of these two measurements (see Fig. 3 ).
For the pulses shorter than 20 ns the broadband sampling or real time two-channel oscilloscopes of 0 -5 GHz bandwidth were used, as it was described in [14] . Current-voltage measurements were performed at room temperature up to 140 kV/cm electric fields.
The error of the pulse amplitude measurements with the use of the oscilloscopes is 4 %. The usage of the digital oscilloscope minimizes the error that appears due to lack of coincidence in time in these two measurements. However, an error induced by signal attenuation remains. At high applied electric field, the attenuation increases, and thus the error can reach up to 8 %. Figure 5 presents measured current values as a function of applied electric field up to 60 kV/cm for 1 ns voltages pulses and up to 20 kV/cm for 500 ns pulses. The measured current values did not exceed 0.2 A for shorter pulses and 0.12 A for longer pulses. It is known that Joule heat is dissipated in the channel when the current passes through it. As a result, the current becomes reduced.
EXPERIMENTAL RESULTS
The longer the pulse width, the more heat is dissipated and the stronger is the current reduction [15] . For shorter pulses, in our experiment the effect of Joule heat on the current is minimized 1.16 times at 18 kV/cm as the applied voltage pulse width was reduced from 500 ns down to 1 ns. Indeed, the current values at this particular field are 16 % higher for shorter pulses (Fig. 5) . The drift velocity in graded Al x Ga 1-x N/GaN channel was estimated according to the expression v dr = I/(enw), where I was the current (pulse duration 4 ns) passing through the sample, assuming constant electron density upon applied electric field.
The electron drift velocity in graded Al x Ga 1-x N/GaN having longer (shorter) grading length (Fig. 6 ) was measured at room temperature at electric fields up to 140 kV/cm. The velocity is lower in graded Al x Ga 1-x N/GaN with shorter grading length. For comparison with the experimental data, ensemble Monte Carlo calculation results were taken from [16] . Up to now, the simulation using only fixed Al molar fraction of x = 0.2 of ternary Al x Ga 1-x N was performed. The scattering mechanisms included into the simulation were alloy, ionized impurity, acoustic, and optical phonon scattering. Alloy scattering strength was defined by alloy scattering potential U 0 which varied from 0 eV to 2.7 eV. The calculated drift velocity results were similar with the experimental data up to 20 kV/cm only when there was no alloy scattering. The discrepancy, besides the lack of calculation with linear increase of Al composition, may also be caused by other scattering mechanisms not taken into account during simulation. The electron drift velocity in graded Al x Ga 1-x N/GaN having shorter grading length is comparable with that of AlGaN/GaN on GaN (Fig. 7) . It also exceeds the velocity of GaN [17] below 35 kV/cm because there is no ionized impurity scattering, and it is lower that of AlGaN/GaN on Al 2 O 5 [18] (sapphire) at electric fields exceeding 10 kV/cm. 
DISCUSSION
When comparing two graded channels, the drift velocity is higher in the channel with longer grading length (50 nm) (Fig. 6 ) since the electron mobility in it is affected by lower alloy scattering. Also, in nitride materials, there is a substantial difference between characteristic times for optical-phonon emission and their decay; this results in a significant accumulation of the launched LO phonons, i. e. non-equilibrium (hot) phonons. Hot phonons affect electron transport, namely, drift velocity. It is known that at a given electron density the drift velocity is higher if hot-phonon decay time is shorter [19] . In our case, we have two graded channels with different three-dimensional electron densities. According to optical experimental findings on bulk GaN the phonon decay time increases as density decreases [20] . Hence, it is reasonable to assume that a similar scenario is valid for AlGaN. This supports a statement that hot-phonon effect on drift velocity is weaker for the channel with lower electron density [see also , 17] . Consequently, the velocity is higher for the channel where grading length is longer. The velocity of both graded channels above 35 kV/cm is lower than that of GaN because of presence of alloy scattering and hot-phonon scattering.
CONCLUSIONS
In conclusion, we measured I-V dependences of graded AlGaN alloys at room temperature up to high electric fields. Using this data together with determined electron density values we were able to estimate electron drift velocity. The velocity is enhanced compared with that of bulk GaN up to moderate electric fields. The results are interpreted in terms of alloy and non-equilibrium LO phonon scattering.
